ABSTRACT 18
INTRODUCTION 41 42
The bacterial ribosome possesses universally conserved functional centers that are structurally dynamic 43 and undergo local and large-scale conformational rearrangements during protein synthesis (Ogle et al. 44 2001; Petrov et al. 2011; Loveland et al. 2017 ). In particular, the small (30S) ribosomal subunit, which is 45 responsible for decoding the messenger RNA sequence, undergoes rearrangement of the universally-46 conserved monitoring residues A1492 and A1493 in the decoding center, as well as a large-scale domain 47 closure that involves movement of the body of the whole 30S subunit closer to helix 44 (Yoshizawa et al. procedures to collect data at cryogenic temperature (Haas and Rossmann 1970; Evers et al. 1994) , which 57 enabled the acquisition of datasets from single crystals that contained sufficient high-resolution data to 58 build high-resolution models (Warkentin et al. 2014) . Electron microscopy performed at cryogenic 59 temperature has added even more information about the ribosome during several steps of protein synthesis, 60 at increasing resolution to an existing wealth of structural information spanning a large number of species 61 and conformational states (Mitra et al. 2005; Fischer et al. 2015; Natchiar et al. 2017) . Cooling ribosomal 62 samples to cryogenic temperature mitigates the propagation of radiation damage by reducing the 63 movement of radicals produced by irradiation with electrons or X-rays, lowering the thermal fluctuations 64 and conformational distributions of side-and main-chain residues, and rigidifying the structure, partly 65 through dehydration by adding hygroscopic cryo-protectants (Warkentin et al. 2014 ). Therefore, while it 66 enables successful data collection, cryo-cooling can potentially mask important details about local and 67 global conformational dynamics and allostery of the ribosome. 68
69
The flexibility of ribosomal RNA is of significant importance in our understanding of the functional 70 relevance of nucleic acids (Noller 2013) . Additionally, the structure and conformational heterogeneity of 71 In this work, we present an ambient-temperature structure of a 30S ribosomal decoding complex 78 through a serial femtosecond X-ray crystallography (SFX) experiment. Using 40-femtosecond pulses, we 79 obtain diffraction from microcrystals prior to the onset of radiation damage induced by the X-ray beam 80 using CXI instrument at LCLS an X-ray free-electron laser (XFEL) (Liang et al. 2015) . The microcrystals 81 contained ribosomal subunits bound to a cognate mRNA-anticodon stem loop (ASL) complex and were 82
introduced to the X-ray beam in a liquid suspension with an electrokinetic sample injector (Sierra et al. 83 2016) . We then compared our structure to two analogous structures solved through synchrotron X-ray 84 Selecting a sister liquor for ribosome microcrystalline slurry and ribosome 100 microcrystalline sample injection by using coMESH). During a six-hour "protein crystal 101 screening" beamtime, we collected a complete dataset extending to 3.45 Å resolution ( structure was very similar to the cryogenic structures; however, we observed an alternate conformation of 113 mRNA channel residue C1397 (further discussed below). A least-squares alignment of all 17,056 16S 114 rRNA atoms in the 30S structures showed an overall root-mean-square deviation (RMSD) of 0.45 and 0.62 115 Å between the new structure and the cryogenic structures 4DR4 and 1IBL, respectively (Fig. 1B) . The 116 resulting electron density map indicated good mRNA and ASLPhe density quality in Fo-Fc difference 117 electron density maps ( Fig. 2A ). The crystal structure of the 30S decoding complex at ambient temperature 118 adopted the canonical decoding conformation, with the h44 residues A1492 and A1493 flipped out toward 119 the minor groove of ASL and mRNA pair, consistent with the cryogenic data ( Fig. 2B ). The minimal 120 binding differences observed between the cryogenic and ambient temperature 30S decoding complex 121 structures (Figs. 1B, 2B-D) suggest that ribosomal decoding complexes can be probed at cryogenic 122 temperature and may still be representative of what occurs at ambient temperature. However, we identified 123 small differences within the mRNA channel in the region between the S4-S5 protein interface and the 30S 124
Structural perturbation in the mRNA channel 126 127
In the structure presented here, the hydrogen bonding interactions of codon residues 1-3 of the hexauridine 128 in the mRNA-ASL complex were markedly similar to those observed in the cryogenic temperature crystal 129 structure, as shown by the clear positive difference density for each base pair in the omit Fo-Fc electron 130 density maps at 3.45 Å resolution ( Fig. 3A-F ). On the other hand, residues 4-6 of the hexa-uridine were 131 disordered and as a result not modeled in the cryogenic structure, while a well-defined electron density 132 was observed in the ambient-temperature structure ( Fig. 2A ). Furthermore, the 16S rRNA residue C1397 133 was captured in an alternate conformation, pointing away from the disordered hexauridine in the cryogenic 134 dataset and involved in a stabilizing interaction with the mRNA phosphate group of residue 4 in the 135 ambient-temperature structure ( Fig. 4A-D) . residues are thought to prevent a back-sliding of the mRNA during back-rotation of the 30S head, thus 143 exerting a pawl function. In the post-translation state, however, the two intercalating nucleotides do not 144 touch the mRNA. Residue C1397 has been described as being able to adopt multiple conformations in The low RMS deviation between the crystal structures collected in this work and its equivalents studied at 152 cryogenic temperature suggests that previous structural data have captured the 30S ribosomal subunit in a 153 representative conformation, although the causes of the observed discrepancies between datasets are not 154 immediately apparent. Our demonstration of data collection at ambient temperature indicates that the long-155 standing limitation of relying on cryogenic temperatures to study ribosome decoding complexes at high 156 resolution is surmountable with contemporary approaches. This latest effort builds upon prior attempts by 157 our group to obtain a full dataset at an XFEL. One factor we felt to be important to the success in data 158 collection here was the use of an electrokinetic injector, the "concentric MESH" (Sierra et al. 2016 ). This 159 sample injector delivers microcrystals to the X-ray beam by relying on electric charge rather than pressure 160 and allowed us to simplify the apparatus as described ( Figure 1A) . The time needed for data collection, 161 four hours, suggests that a full dataset can be collected within a beamtime shift at any XFEL. With 162 additional improvements in real-time data processing and the use of high-repetition-rate sources such as 163
European XFEL, the amount of time needed could potentially be further reduced. LabSmith, Livermore, CA USA; C360-203 Interconnect Tee may also be used with no need to plug the 206 fourth channel) (Fig. 1A) . The uninterrupted, straight capillary was free of in-line filters, unions or any 207 other connections, thus minimizing the risk of sample clogs and leaks, which most often occur at flow 208 channel transitions. A similar uninterrupted approach was used for the larger capillary. The fitting at the 209 top of the cross in Figure 1A The coMESH incorporates a "sister liquor" as part of its sample delivery design which is used to protect 236 the microcrystals and their mother liquor from the dehydrative effects of the sample chamber vacuum (10 -5 237 Torr). This fluid travels in the larger capillary and, after reaching the cross, peripherally to the sample line 238 until the terminus of the capillary within the sample chamber. The choice of fluid may reflect the 239 composition of the crystals' mother liquor but need not strictly match it. For delivery of ribosome 240 microcrystals using co-terminal capillaries (Sierra et al. 2016) , the compatibility between the sister liquor 241 and the ribosome crystals was not considered since fluid interaction occurred immediately prior to 242 reaching the X-ray interaction region, allowing minimal time, if any, for the fluids to mix. Current and prior experimental experience suggest that a 26% MPD-containing sister liquor seems to be an ideal choice 244 for co-terminal sample delivery. The buffer has proven to be quite reliable, surviving injection into 245 vacuum with minimal issues especially with respect to buildup of dehydrated precipitates, which can occur 246 with salts or polyethylene glycols and is problematic for sample delivery due to its adherence to (and thus, 247 beamtime used for this dataset was 240 minutes (out of an available 360 minutes). Crystal hits were 289 defined as frames containing more than 30 Bragg peaks with a minimum signal-to-noise ratio greater than 290 4.5 on each detector image, for a total of 165,954 hits. The detector distance was set to 223 mm, with an 291 achievable resolution of 3.08 Å at the edge of the detector (2.6 Å in the corner). were compared with those in the high-resolution (2.5 Å) 30S subunit structure (PDB accession code 326 2VQE) 7 in program COOT (Emsley and Cowtan 2004) , and positions with strong difference density were 327 retained. All magnesium atoms were replaced with magnesium hexahydrate. Water molecules located 328 outside of significant electron density were manually removed. The Ramachandran statistics for this 329 dataset (most favored / additionally allowed / generously allowed / disallowed) are 87.3 / 11.7 / 0.7 / 0.2 % 330 respectively. The structure refinement statistics are summarized in Table 1 . Structure alignments were 331 performed using the alignment algorithm of PyMOL (www.schrodinger.com/pymol) with the default 2σ 332 rejection criterion and five iterative alignment cycles. All X-ray crystal structure figures were produced 333 with PyMOL. 334
335

DATA DEPOSITION 336
The coordinates have been deposited in the Protein Data Bank with the accession code 6CAO. 
